A. Experimental methods
In our experiment, we create the molecular UDR using the double-pulse excitation scheme as in [1] [2] [3] [4] . The experimental setup is sketched in Fig. S1 . Briefly, the output of a commercial Ti:sapphire laser system (Astrella-USP-1K, Coherent, Inc.), which delivers 35-fs, 800-nm pulses at a repetition rate of 1 kHz, with the maximum pulse energy of 7 mJ, is spilt by two beam splitters (BS) to produce two pump pulses and one probe pulse. The first pump pulse P 1 is used to induce nonadiabatic alignment of molecules along the x-axis. The second pump pulse P 2 , which is polarized at 45
• with respect to P 1 in the xz-plane, is introduced when the molecular alignment reaches its maximum, to create the molecular UDR. The direction of molecular UDR is determined by the skewed direction of the rotation pulse P 2 with respect to molecular alignment at the moment where the P 2 is applied. Like a rigid rotor, the aligned molecules will always rotate towards the skewed direction of the rotation pulse P 2 . Subsequently, an intense linearly polarized probe pulse with adjustable time delay is applied to interact with the UDR molecules to generate high-order harmonics.
Two motorized delay lines (DL) and two half-wave plates (HWP) are installed in the arms of P 2 and the probe pulse, to adjust their time delays and polarizations relative to P 1 .
These three beams are focused to a gas jet (500 µm diameter) by a 300-mm focal-length lens. The input laser energy of P 1 , P 2 , and the probe pulse are 90 µJ, 90 µJ, and 500 µJ, and the laser intensity are estimated to be about 3 × 10 13 W/cm 2 , 3 × 10 13 W/cm 2 , and 1.7 × 10 14 W/cm 2 , respectively. The background gas pressure is maintained at 20 Torr and the rotational temperature is estimated to be about 100 K [5] . The generated harmonic spectrum is detected by a homemade flat-field soft x-ray spectrometer [6, 7] .
B. Theoretical method of high harmonic generation from spinning molecules
High harmonic generation (HHG) from the rotational molecular ensemble is a coherent superposition of the emission from molecules aligned at different angles. Molecules aligned at different angles are weighted by the instantaneous molecular axis distribution (MAD),
i.e., the modulus square of the molecular rotational wave packet (RWP). Due to the fact that molecular rotation is much slower than the HHG process, molecular rotation during the probe pulse for HHG is usually assumed to be negligible in previous works [5, 8, 9] .
Then HHG at each pump-probe time delay can be simulated with a fixed MAD (i.e., the The double-pulse excitation scheme for molecular UDR. The pump pulse P 1 applied at τ =0 aligns the molecules along its polarization direction (x-axis). At the time of maximal alignment, the second pump pulse P 2 is applied with its polarization direction set at 45 • with respect to that of P 1 , kicking the transiently aligned molecules to rotate in the counterclockwise direction.
fixed-MAD approximation). For a probe pulse with a polarizing angle of α in the xz-plane (as illustrated in Fig. S2 ), the induced dipole for HHG is given by
where θ and ϕ are the polar and azimuthal angles of the molecular axis with respect to the y and x axes. θ ′ is the angle between the molecular axis and the polarization of the probe laser (as illustrated in Fig. S2 [9] or the strong-field approximation (SFA) model [10] . τ is the time delay of the probe pulse with respect to the pump P 1 . ρ(θ, ϕ, τ ) is the MAD at this time delay, which can be obtained by solving the time-dependent Schrödinger equation of the molecular RWP [11] [12] [13] , i.e.,
Here, J is the rotation operator, B e is the rotational constant of the spinning molecules, ∆α is the polarizability difference between the components parallel and perpendicular to the molecular axis. E x and E z are the envelopes of the field vector of the pump pulses along the x and z axes, respectively. Eq. (2) can be solved with the split-operator method [14] for each initial rotational state |JM ⟩. By assuming a Boltzmann distribution of the rotational levels at the initial time, we can then obtain the MAD at each time delay in terms of
Here, Γ JM is the weight according to the Boltzmann distribution, which is determined by the rotational temperature. In our experiment, the rotational temperature is estimated to be about 100K by a similar procedure introduced in Ref. [5] . The angular distribution (ADs) of HHG from the spinning molecules can be simulated 4 by performing a Fourier transformation of the induced dipole, i.e,
Under the fixed-MAD approximation, ρ(θ, ϕ, τ ) is time-independent during the HHG process, then Eq. (4) can be written as
where
} represents the harmonic ADs on the single molecule level.
Excited by polarization-skewed P 1 and P 2 , the molecular UDR in our experiment is well confined in the xz-plane. Then our simulations can be restricted to the xz-plane. In this case, θ=90 in Fig. 4 in the main text.
To explain the experimental observations, we have simulated the experiment in theory.
The commonly-used fixed-MAD approximation can well reproduce the measured harmonic
ADs, but fails to explain this frequency shift. Considering the rotation time (from alignment to antialignment) of the spinning N 2 at the revivals is only about 250 fs, for a probe pulse with the duration of several tens femtoseconds applied at the rotation revivals, the evolution of the RWP during the probe pulse may play a role in the harmonic generation. In this section, we return to Eq. (1) and modify the dipole moment of HHG by using a time-dependent MAD, i.e.,
Here, the ρ(θ, ϕ, t + τ ) denotes the time-dependent MADs during the probe pulse applied at τ . Figure S6 (a) shows the simulated results (solid line) of H17 from N 2 at α = 0 • , which agree well with the experimental observations (squares). Our simulations suggest that the frequency shift of HHG from UDR molecules mainly results from the evolution of RWP during the probe pulse, which makes a difference in the alignment degrees of molecules (anisotropy of molecular RWP) at the leading and trailing edges of the probe pulse and then breaks the symmetry of harmonic emission during the laser pulse. Furthermore, due to the nonadiabatic effect of the time-dependent laser intensity [15] [16] [17] , HHG dominated at the leading or trailing edge will emerge a blue or red shift as observed in our experiment. ps, respectively. One can see that the alignment degree is much larger at the trailing edge at τ =8.45 ps. The larger alignment degree at the trailing edge means more N 2 molecules aligned along the polarization direction of pump P 1 . For harmonics from HOMO of N 2 (below H27, as discussed in the main text), the HHG yield decreases rapidly as the alignment angle varies from 0 to 90
• [e.g., see Fig. S3(a) ]. Therefore, for the probe pulse parallel to pump P 1 (α=0 • ), the larger alignment degree leads to more pronounced harmonic emission at the trailing edge and then a red shift in the harmonic spectrum [see up-arrow in Fig. S6(a) ]. On the contrary, the alignment degree is lager at the leading edge at τ =12.6 ps, thus leading to a blue shift in the harmonic spectrum [see down-arrow in Figs. S6(a) ]. Note that the probe pulse has much higher intensity than the pump pulses. If the probe pulse can make a difference in molecular rotational dynamics, it could also induce the frequency shift in HHG.
In that case, the induced frequency shift should also occur in the isotropic ensemble since the isotropic MAD can also be altered by this strong probe pulse. To check the influence of the probe pulse, we have performed new experiment with noble gas Ar and compared it to the result of isotropic N 2 . In our experiment, we measure the HHG in the probe pulse alone. We found that, driven by the intense probe pulse, HHG from isotropic N 2
shows no frequency shift with respect to that from Ar. This result indicates that the probe pulse is mainly responsible for the ionization of electrons (and therefore HHG). It doesn't induce a visible frequency shift in HHG and is not the reason that causes this frequency shift in our experiment. Moreover, it has been reported that the maximum intensity that can be applied for molecular alignment is limited by tunnel (or multiphoton) ionization or by multiphoton dissociation [13] . In our experiment (and normal HHG experiment of molecules), the intensity of the probe pulse is above 10 14 W/cm 2 , which certainly causes the ionization of molecules. Therefore, the probe pulse is mainly responsible for the ionization of electrons and therefore HHG under our experimental conditions. The observed frequency shift in HHG is a new effect that arises from the correlation of molecular UDR and HHG and has never been reported before. Our simulations based on Eq. (9) suggest that the rotational nonadiabatic effect will not modify the ADs of HHG yields. Moreover, such a nonadiabatic frequency shift is not obvious for HHG from spinning CO 2 due to its much slower UDR (the rotation time at the revivals is about 800 fs). Note that it has been reported that the macroscopic propagation may also lead to a frequency shift in the harmonic generation [18, 19] . However, in our experiment the frequency shift only occurs at the rotation revivals.
We can then exclude the influence of the macroscopic propagation on this frequency shift, since the propagation effect is independent on the pump-probe delay.
